sanitizing surfaces in the light of increasing nosocomial infections in Western hospitals. In a number of 48 hospital trials, rooms have been fitted with copper alloy table tops, bedrails, door handles, light switches, 49 bathroom fixtures, etc. in an effort to curb nosocomial infections (2-6). These copper surfaces resulted in a 50 two-to three-log reduction of the microbial burden on a continuous basis. However, further data are 51 needed to convincingly demonstrate that these measures also lead to a lasting reduction of nosocomial 52 infections. But it appears clear that copper-containing materials can contribute to hospital hygiene and 53 lower the bacterial burden also in other facilities where clean or aseptic working procedures are required 54 (7). 55
The mechanism of contact killing of bacteria by copper-containing materials is of interest not only in 56 connection to its use in hospitals, but also from a purely scientific point of view. Laboratory studies have 57
shown that bacteria on copper surfaces suffer rapid membrane damage and DNA degradation, in addition 58 to other less well-defined cellular damage (8-13). The importance and the order of the different processes 59 leading to cell death may depend on the type of microorganism (10). One key element required for contact 60 killing is the release of copper ions from the metal surface. Bacterial copper resistance systems appear 61 unable to cope with the released copper (14-16). The second important requirement for contact killing is 62 bacterial contact with the metal surface (17).
Recently, we showed that bacteria are also killed 63 effectively on iron surfaces if ionic copper ions are present (18). In this study, we also show that the 64 reduction of Cu 2+ to Cu + by the iron surface plays a key role in the killing process. 
MATERIALS AND METHODS

69
Bacterial strains and growth conditions. The wild-type strain Enterococcus hirae (ATCC9790) wild-type 70 strain was grown anaerobically by inoculating 10 ml of air-saturated N-media (18), followed by growth in 71 sealed tubes to stationary phase at 37 °C. Cells were collected by centrifugation for 5 min at 5000 x g, 72 washed twice with 20 ml of 100 mM Na-HEPES pH 7 or, where indicated, with 100 mM Tris-Cl pH 7, and 73 resuspended in 10 ml of the same buffer. The average cell density was 2-8 x 10 8 cfu/ml. All handling of cells 74 was performed aerobically. 75
Preparation of iron coupons. Iron plates of dimensions 10 x 20 x 0.5 mm, in the following called 76 'coupons' were >99% iron, <1% carbon, and were cleaned by ultrasonication in chloroform and ethanol for 77 10 min each, followed by air-drying. Following cleaning, all coupons used in this study were stored under 78 nitrogen until used. 79
Measurement of contact killing. To assess contact killing, a wet plating technique was used, essentially 80 as previously described in (15). Briefly, 40 μl of cells suspended in 100 mM Tris-Cl or Na-HEPES, pH 7, and 81 supplemented with 2 mM bicinchoninic acid (BCA) or 4 mM CuSO 4 were applied to the coupons. 
RESULTS
96
Contact killing on iron coupons. Iron has similar redox properties as copper, yet it does not exhibit contact 97 killing of bacteria. When 2 x 10 7 cells of Enterococcus hirae were applied to an iron surface, there was no 98 significant reduction (<1 log) in the number of live bacteria is observed after 300 min, both under anaerobic 99 and aerobic conditions (Fig. 1A) . However, if 4 mM CuSO 4 is added to the cells, no survivors can be 100 recovered after 300 min under anaerobic as well as aerobic conditions. After 100 min of exposure, a 101 difference between anaerobic and aerobic conditions can be observed, with three logs of killing under 102 aerobic and nearly six logs of killing under anaerobic conditions. The concentration of 4 mM CuSO 4 was 103 chosen on the basis of previous findings which had shown that the rate of killing on iron is proportional to 104 the copper concentration (17); 4 mM CuSO 4 provided an ideal time window for the present studies. 105
These experiments were conducted in Na-HEPES buffer which exhibits negligible complexing of copper. 106
If these experiments were conducted in Tris-Cl buffer, which is known to complex copper strongly (20), 107 contact killing was even more rapid, with complete killing observed already after 100 min, compared to 300 108 min in Na-HEPES, both under aerobic and anaerobic conditions ( It has previously been shown that Cu + is considerably more toxic to cells than Cu 2+ (21). The faster killing of 120 E. hirae on iron in the presence of copper thus appears to be related to the generation of Cu + . 121
Copper reduction by iron. The obvious source of electrons for copper reduction is the Fe(0) of the coupons. 122
We therefore looked at iron release from the coupons in the presence of copper. There was substantial 123 release of iron into the aqueous medium, regardless of the presence of either copper or cells (Fig. 3) . After 124 300 min, 15 mM iron was released into the aqueous phase in the absence of copper. When 4 mM CuSO 4 125 was present, iron release was enhanced by about 30%. Iron is not very soluble under aerobic conditions at 126 pH 7 and it must be assumed that most of the iron was present in the hydroxide form. In fact, the 127 formation of a visible film, presumably of iron hydroxide, on the surface of the aqueous phase could be 128 We previously reported the augmentation of contact killing of bacteria on iron surfaces by copper ions (17) . 148
This study continued to evaluate copper contact killing gain insight into the biocidal mechanism. Solid iron 149 by itself only marginally impairs bacterial survival. However, when cell suspensions are supplemented with 150 and Cu 2 O (17). It was also observed that a copper-sensitive E. hirae mutant deleted in both copper ATPases 159 and thus unable to expel cytoplasmic copper was completely killed on iron in the presence of copper in 100 160 min (> 6 logs), compared to 300 min for wild-type under the same conditions (data not shown). This further 161 underlines the importance of copper ions in the contact killing process. was also shown to occur in E. coli and Salmonella exposed to solid copper (10;28). A mutant strain with 175 higher levels of unsaturated fatty acids and thus more sensitive to ROS exhibited an earlier rise in lipid 176 peroxidation, higher sensitivity to contact killing, and an earlier onset of DNA degradation (28). Evidence for 177 oxidative damage was also apparent from the proteome of E. coli exposed to metallic copper by the 178 increased presence of oxidatively modified proteins (29). While ROS clearly cause cell damage in contact 179 killing, it is probably an accompanying effect rather than the primary cause of cell death. 180
In the experiments presented here, Cu + is produced by the reduction of Cu 2+ via oxidation of iron. 181
Anaerobic conditions lead to more rapid killing than aerobic conditions, suggesting that ROS production as 182 not a primary cause of cell death. Rather, anaerobic conditions stabilize Cu + , leading to higher transient 183 concentrations (cf. , and Zn 2+ at concentrations which only marginally inhibited growth (33). In line with an 192 attack of iron-sulfur clusters by these ions, their cytotoxicity was related to their thiophilicity. In our 193 experiments, the redox inactive metals Cd 2+ and Zn 2+ were unable to elicit significant cell death on iron 194 coupons. Also, zinc has previously been shown to display a death rate constant of contact killing < 1/20 of 195 that of copper or silver (34), while cadmium has never been tested for contact killing. iron and copper, as in the experiments reported here, was not investigated. Also, no measurements of 206 residual oxygen or ROS production were reported, but this study underlines the importance of ionic species 207 of iron and copper in the antibacterial activity of these metals. 208
In an atomic force microscopy study, it was found that the outer membrane of bacteria in contact with 209 antibacterial stainless steel that contains 3.8% copper undergoes substantial changes, and suggests that 210 membrane damage is a major event in contact killing (35). There was also release of copper ions by the 211 copper-containing antibacterial stainless steel, thus providing an additional toxic component. 
